Increasing evidence for epigenetic variation within and among natural plant populations has led to much speculation about its role in the evolution of plant phenotypes. However, we still have a very limited understanding of the evolutionary potential of epigenetic variation, in particular in comparison to DNA sequence-based variation. To address this question, we compared the magnitudes of heritable phenotypic variation in epigenetic recombinant inbred lines (epiRILs) of Arabidopsis thaliana-lines that mainly differ in DNA methylation but only very little in DNA sequence-with other types of A. thaliana lines that differ strongly also in DNA sequence. We grew subsets of two epiRIL populations with subsets of two genetic RIL populations, of natural ecotype collections, and of lines from a natural population in a common environment and assessed their heritable variation in growth, phenology, and fitness. Among-line phenotypic variation and broad-sense heritabilities tended to be largest in natural ecotypes, but for some traits the variation among epiRILs was comparable to that among RILs and natural ecotypes. Within-line phenotypic variation was generally similar in epiRILs, RILs, and ecotypes. Provided that phenotypic variation in epiRILs is mainly caused by epigenetic differences, whereas in RILs and natural lines it is largely driven by sequence variation, our results indicate that epigenetic variation has the potential to create phenotypic variation that is stable and substantial, and thus of evolutionary significance.
Introduction
It is common textbook knowledge that heritable phenotypic variation is the raw material for evolution, and that this phenotypic variation results from underlying variation in DNA sequence (Fisher 1930; Falconer and Mackay 1996; Futuyma 2013) . Recent research changes this view, as there is now increasing evidence that heritable phenotypic variation can also be created by variation in epigenetic modifications such as the methylation of cytosines in the DNA, or various histone modifications (Richards 2006; Bird 2007; Cortijo et al. 2014; Kooke et al. 2015; Morgado et al. 2017; Richards et al. 2017) . Current research focuses particularly on DNA methylation, and has shown that in plants variation in DNA methylation is partly transmitted across generations (Becker et al. 2011; Schmitz et al. 2011; van der Graaf et al. 2015) , and that intra-population and inter-population variation in DNA methylation is common in natural plant populations (Schmitz et al. 2013b; Kawakatsu et al. 2016; Vidalis et al. 2016) . Moreover, epigenetic variation can cause heritable trait variation, and it can be associated with phenotypic or environmental variation in nature (Herrera and Bazaga 2011; Zhang et al. 2013; Wilschut et al. 2016) . Together, this suggests that the study of evolution and adaptation may be incomplete without taking heritable epigenetic variation into account.
However, in spite of this increasing evidence for natural epigenetic variation and its phenotypic consequences in natural and experimental populations (Cubas et al. 1999; Cortijo et al. 2014; Kooke et al. 2015; Kawakatsu et al. 2016; Wilschut et al. 2016) , we are still far from understanding the evolutionary potential of epigenetic variation. This is mainly because of the difficulty of disentangling epigenetic from DNA sequence-based effects in natural systems (Richards 2006; Bossdorf et al. 2008) . A rare opportunity for testing the phenotypic consequences of epigenetic variation in a relatively straightforward, albeit artificial, fashion is provided by epigenetic recombinant inbred lines (epiRILs) of Arabidopsis thaliana (Johannes et al. 2009; Reinders and Paszkowski 2009; ). EpiRILs are highly variable at the level of DNA methylation, but harbor only very little DNA sequence variation. The creation of epiRILs is similar to the creation of classic recombinant inbred lines (RILs), where two genetically divergent parents are crossed, and inbred lines are established from their recombinant offspring. In epiRILs, the two parents are nearly identical in DNA sequence, but-because of mutations in their DNA methylation machinery-differ strongly in their patterns and overall degree of DNA methylation (Johannes et al. 2009; Reinders and Paszkowski 2009; , and the derived epiRILs represent different mosaics of their parents' epigenomes.
Currently, two populations of A. thaliana epiRILs exist. Both have been created by crossing a hypomethylation mutant of the Col-0 ecotype (met1 or ddm1; see 'Materials and methods' for more details) to its near-isogenic and normally methylated wild-type. F2 or backcross homozygous at MET1 or DDM1 respectively, were then selected and propagated through six generations of selfing. Molecular analyses confirmed that a substantial fraction of the DNA methylation variation created through recombination was inherited in a Mendelian manner (Colome-Tatche et al. 2012) . Moreover, experimental studies showed that the epiRILs also harbored significant phenotypic variation in plant morphology, growth rate, and responses to biotic and abiotic stress (Johannes et al. 2009; Roux et al. 2011; Latzel et al. 2012; Zhang et al. 2013; Kooke et al. 2015) , and that this phenotypic variation constituted evolutionary potential (Zhang et al. 2013) as well as functional intraspecific diversity (Latzel et al. 2013) . A detailed epiQTL mapping analysis of the ddm1 epiRIL population showed that, although the lines contained a small amount of DNA sequence variation, a large (60-90%) part of the heritability of flowering time and root length was associated with differential DNA methylation but not DNA sequence variation (Cortijo et al. 2014) .
However, while these previous studies together provided some indication that heritable epigenetic variation can be ecologically and evolutionarily relevant, we are still far from understanding the real-world significance of epigenetically-based phenotypic variation. To put the phenotypic variation in epiRILs into context, a useful next step would be to directly compare the magnitude of phenotypic variation in epiRILs-representing the upper limit of what can be achieved through DNA methylation-to systems that are (presumably) mainly driven by DNA sequence variation, such as the variation within and among natural populations, or genetic RILs. As estimates of phenotypic variation are strongly influenced by the environment in which they are made (Simons and Roff 1994; Conner et al. 2003; Hansen et al. 2011) , it is imperative that such comparisons are carried out under identical environmental conditions.
One previous study already compared the phenotypic variation of ddm1-derived epiRILs to that of some natural ecotypes and found that epiRILs generally had a similar heritability structure across different traits as the natural ecotypes, but that the magnitude of phenotypic variation was significantly lower in the epiRILs (Roux et al. 2011) . Here, we built on this study to attempt a more comprehensive comparison of epiRILs with different types of A. thaliana lines that are either representing natural variation, or that are frequently used for studying genetically-based phenotypic variation. Specifically, we studied subsets of two different epiRIL populations alongside equal-sized subsets of two genetic RIL populations, two natural ecotype collections from across Eurasia and North America, and of lines within a natural population. While the latter two categories represent natural variation shaped by evolutionary forces at geographic and local scales, respectively, genetic RILs and epiRILs resulted from artificial crosses and thus represent the upper limits of heritable variation which can be achieved by such means. It is important to stress that none of the studied systems is pure in the sense that there is only variation at the level of DNA methylation or DNA sequence, but that they all harbor genetic and epigenetic variation, albeit in very different relative magnitudes. In epiRILs, there is large epigenetic variation but very little sequence variation, whereas in natural ecotypes and RILs there is large genetic and epigenetic variation, but much of the epigenetic variation is likely under genetic control (Schmitz et al. 2013a; Dubin et al. 2015) . Thus, the key assumption of our study is that in epiRILs phenotypic variation is mainly caused by epigenetic differences (as shown by Cortijo et al. 2014) , whereas in RILs and natural ecotypes it is primarily driven by sequence differences. Based on this assumption, we ask the following question: how does the heritable phenotypic variation within and among epiRILs compare to the variation in genetic RILs and natural ecotypes, when studied under identical environmental conditions? Table 1 Trait means (X) and variances for all studied groups of A. thaliana lines (σ 
Materials and methods

Plant materials
We worked with two populations of epiRILs of Arabidopsis thaliana, which are established from the cross between Col-0 and its methylation mutant ddm1 (Johannes et al. 2009 ) and met1 ) respectively. Both are point mutants that affect the maintenance of DNA methylation (see Kakutani et al. 1995 , for ddm1 and Finnegan and Kovac 2000, for met1) and that result in~70% genomewide loss of DNA methylation compared to the wild-type. In addition to the two epiRIL populations, we also included two populations of classic RILs, Ler × Col (Lister and Dean 1993) , a cross between the two most important lab lines of A. thaliana, and Bay × Sha (Loudet et al. 2002) , a cross between the geographically and ecologically distinct natural ecotypes Bay-0 (Bayreuth, Germany), and Sha (Shahdara, Tajikistan). Both populations have been used widely for QTL analyses (Alonso-Blanco and Koornneef 2000; Koornneef et al. 2004) . From each of the two epiRIL and two RIL populations, we randomly selected around 30 lines for the phenotype screening. In addition, we included 23 lines from a local population in Europe (Bu; Burghaun, Germany). Finally, we also included broad-scale geographic collections of natural ecotypes from Eurasia (31 lines) and North America (25 lines). The ecotypes were selected randomly from those available at the stock center, with the restriction that they should come from distinct geographic locations. For North American ecotypes, this limited the number of lines to 25. Seeds of ddm1-epiRILs and met1-epiRILs were provided by the labs of Vincent Colot and Jurek Paszkowski, respectively. All other seeds were obtained from the Arabidopsis stock center.
Phenotyping
For each of the 199 lines used, we cold-dark-stratified seeds in petri dishes with moist filter paper at 4°C for one week.
After that, we pipetted about 4-5 seeds of each line into 0. Supplementary Table S1 for a list of the specific lines included).
Statistical analyses
In our experiment, the total variance (σ 2 T ) of a trait can be partitioned into the variance among lines (σ 2 L ), the variance among blocks (σ 2 B ), and the residual (or within-line) variance (σ 2 E ). For each of the six measured phenotypic traits, we fitted a mixed-effects model using the nlme package (Pinheiro et al. 2013 ) in R version 3.0.2 (R Core Team 2013), with block as fixed effect and line as random effect. We tested the significance of line effects and block effects using likelihood ratio test where the full model was tested against the reduced model excluding the tested factor. For each trait and each group of lines, we also estimated broadsense heritability as the proportion of the total variance attributed to variance among lines (H 2 ¼σ 2 L =σ 2 T ), and the among-line and within-line coefficients of variation as the ratio between the standard deviations of the respective effects and their means (CV L = σ L =X and CV E = σ e =X). We obtained standard errors for these measures from 1000 bootstrap samples, and we then used F-test to test the Significance levels of variance components are indicated by asterisks (***P < 0.001, **P < 0.01, *P < 0.05). The last two columns give the probability (P-values) that variation among lines (σ 2 L ) of a group is equal to that of ddm1-and met1-derived epiRILs, respectively.
probability that the σ 2 L of epiRILs was equal to that of other groups.
Results
For almost all traits measured, there was significant amongline differentiation in phenotypes, as indicated by the among-line variance components in both epiRIL populations as well as in all other groups (Table 1, Figs. 1 and 2) . The lowest values for among-line variation were in the ddm1-epiRILs, the largest in the Eurasian ecotype collections, and all other groups had intermediate levels of among-line variation. In contrast to the ddm1-epiRILs, the among-line variation of met1-epiRILs was similar to that of RILs, the local population, and the North American ecotypes. Broad-sense heritability estimates in ddm1-epiRILs ranged from 0.18 to 0.31, whereas in met1-epiRILs heritability estimates for the same traits were higher and ranged from 0.37 to 0.92. The heritability estimates for the two epiRIL populations, and their differences to other groups, closely followed the among-line variances, as within-line variances, estimated by the coefficient of variation of the residuals (CV E ), were rather constant across groups (Fig. 2) . Interestingly, the met1-epiRILs appeared to harbor several distinct life-history types: early-flowering lines which reproduced quickly, later-flowering lines which grew larger rosettes before they flowered, and lines which did not flower at all during our experiment ( Fig. 1 and Supplementary Figure S1 ). Besides the met1-epiRILs, the three life-history types were also frequent among natural ecotypes from Europe and North America, but there was only one late-flowering Bay × Sha line, and none at all among Ler × Col RILs, ddm1-epiRILs or in the local population ( Fig. 1 and Supplementary Figure S1 ). 
Discussion
Epigenetic variation can create heritable phenotypic variation in plants, but so far we do not have a good understanding of the significance of such epigenetically-based variation, in particular in comparison to genetically-based variation. Here, we directly compared the phenotypic variation within and among epiRILs of A. thaliana to that of natural ecotypes and genetic RILs under identical environmental conditions. We found that the magnitude and stability of heritable phenotypic variation in epiRILs was comparable to that in RILs and natural ecotypes. Under the assumption that the phenotypic variation in epiRILs is mainly caused by epigenetic differences, whereas in RILs and natural ecotypes it is mainly driven by sequence variation, our results indicate that in principle variation in DNA methylation can create heritable phenotypic variation that is substantial and of a similar order of magnitude as that observed in natural and more DNA sequence-based systems.
Levels of within-line variation were similar across all studied genetic and epigenetic lines. In general, within-line variation in phenotype may reflect environmental or developmental stochasticity, or it can be created by spontaneous mutation or epimutation. We would have expected within-line phenotypic variability to be highest in epiRILs because TEs are activated in these lines, and epigenetic inheritance is less stable than the inheritance of DNA sequence differences (Becker et al. 2011; Schmitz et al. 2011; Cortijo et al. 2014; van der Graaf et al. 2015) . However, our results suggest that the effects of TE insertions and spontaneous epigenetic changes may often not propagate to the phenotypic level, probably because many of them are neutral (Ossowski et al. 2010; Becker et al. 2011; Schmitz et al. 2011) or have minor phenotypic consequences.
While within-line variation was similar in all groups, among-line variation was more variable. The heritability estimates of ddm1-epiRILs were comparable to previous studies of the same epiRIL population (Johannes et al. 2008; Roux et al. 2011) . North American ecotypes generally tended to be less variable than Eurasian ecotypes, a consequence of their introduction history (Platt et al. 2010) . A. thaliana was introduced to North America only 150-200 years ago. Moreover, the low variability of flowering time within the natural population is consistent with previous findings (Brachi et al. 2013; Wolfe and Tonsor 2014) and is likely due to stabilizing selection at the local scale. While some of the patterns revealed in our study are consistent with previous observations comparing either epiRILs or RILs to ecotypes (Ungerer et al. 2002; Roux et al. 2011 ), we are not aware of any previous study that conducted such a broad comparison of epiRILs, RILs and natural ecotypes as in our study.
We found that among-line variation was greater among met1-epiRILs than among ddm1-epiRILs. There are several possible explanations for this: First, ddm1-epiRILs are derived from a backcross and should thus be generally less variable than met1-epiRILs, which are derived from F2 lines. Second, in contrast to the met1-epiRIls, the ddm1 lines used in the crosses were already four generations old (Johannes et al. 2009 ). As some of the DNA methylation changes in ddm1 mutants are known to revert over time (Johannes et al. 2009; Colome-Tatche et al. 2012) , this may have contributed to the lower overall variability. Third, there is some indication that met1-epiRILs are less stable, with more frequent de novo epimutations than ddm1-epiRILs (Johannes et al. 2009; Colome-Tatche et al. 2012) . Last, the two methylation mutants have different modes of action, with different degrees and patterns of methylation losses across the genome (Vongs et al. 1993; Kakutani et al. 1995; Saze et al. 2003; Lister et al. 2008; Stroud et al. 2013; Zemach et al. 2013) , and this may also have contributed to the differences between the two epiRIL populations.
A particularly interesting finding is that the met1-epiRILs harbored three distinct life-history types which are also known from wild A. thaliana populations and are believed to reflect adaptation to different climates or habitats (Pigliucci and Marlow 2001; Pigliucci 2002) . It is possible that the occurrence of these life-history types is associated with the inheritance of a demethylated FWA gene in met1-epiRILs ). Indeed, from the subset of met1-epiRILs analysed by , all those with demethylated FWA were late-or non-flowering types in our study (see Supplementary Figure S1 ). Although there is also some demethylation of FWA in the ddm1 mutant (Stroud et al. 2013 ), this demethylation is much less widespread, and it does not appear to contribute much to variation in flowering time in these lines (Johannes et al. 2009; Cortijo et al. 2014) . Of course, these ideas could only be verified through detailed molecular analyses, but if the different life-history types in met1-epiRILs are indeed epigenetically-based, then a single reshuffling between two epigenomes can re-create phenotypes similar to those shaped by long-term evolutionary forces (Ungerer et al. 2002; Stinchcombe et al. 2004) .
One challenge in comparing epiRILs to RILs or natural ecotypes is that neither of these groups represents pure epigenetic or DNA sequence variation. Both epiRIL populations still harbor small amounts of DNA sequence variation (Johannes et al. 2009; ): on the one hand a few SNPs-spontaneous mutations during epiRIL creation, or longer-term impurities of the wild-type inbred lines-and on the other hand sequence differences caused by activated transposable elements (TEs). These active TEs are consequences of the reduced DNA methylation which, among others, has the function to silence TEs in intact genomes. However, molecular analyses have shown that novel TE insertions in epiRILs are few, tend to occur randomly across the genome, and contribute little to phenotypic variation (Johannes et al. 2009; Cortijo et al. 2014) . Nevertheless, TE activity may have created some new sequence differences in the plants we worked with, and without high-resolution genomic data we cannot rule out that these may have contributed to the observed phenotypic variation among epiRILs.
Not only contain epiRILs some sequence variation, but of course RILs and natural ecotypes vary extensively also at the level of DNA methylation (Dubin et al. 2015; Schmitz et al. 2013b; Kawakatsu et al. 2016) . Much of this epigenetic variation appears to be under genetic control though (e.g. Dubin et al. 2015) . Notwithstanding the impurity of all studied lines, there remains a large qualitative difference between epiRILs and the other groups: in the epiRILs, epigenetic differences are several orders of magnitude larger than DNA sequence differences (Colome-Tatche et al. 2012) , whereas in genetic RILs and natural ecotypes genetic and epigenetic differences are of the same order of magnitude. Hence, the critical assumption of our study is that the phenotypic differences observed among epiRILs are largely caused by underlying epigenetic differences (for ddm1-epiRILs this is supported by Cortijo et al. 2014 ), but among RILs and natural ecotypes they are mainly driven by sequence variation. Testing this assumption would require whole-genome and whole-methylome sequencing of the studied~200 lines, and the statistical analysis of genotypeepigenotype-phenotype relationships through GWAS/ EWAS and (epi)QTL approaches.
In summary, we have employed quantitative genetic methods to compare the phenotypic variation in epiRILs of Arabidopsis thaliana with other groups of A. thaliana lines frequently used to study the genetic basis of phenotypic variation. We found that for some traits the phenotypic variation among epiRILs was comparable to that among RILs and natural ecotypes, and that epigenetic variation has the potential to create phenotypic variation that is stable and substantial, and thus of evolutionary significance. Future studies should aim to verify these findings through highresolution molecular and quantitative epigenetic analyses, and they should test the evolutionary significance of epigenetic variation also through experimental evolution approaches where genomic, epigenomic and phenotypic changes can be followed across multiple generations, and epigenetically-based evolution can thus be studied in action.
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